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DESCRIPTION OF RESEARCH PERFORMED IN FY '89

During the past year significant progress was made in generating soft x-

ray gain in small scale devices. A critical factor in the application of x-ray

lasers to fields such as microscopy and microlithography is the scale and hence

cost of the soft x-ray lasers. The collisionally pumped soft x-ray laser in neon-

like ions, developed at Livermore', requires a large scale laser facility such as

Novette or Nova to create a plasma of appropriate conditions. A 3mJ, 182A soft

x-ray laser based on a recombining plasma was developed at Princeton 2 with

an efficiency almost 2 orders of magnitude hje'ier than the collisionally pumped

case. However the pump laser required, a 30 .J C0 2 laser, was still large. In

order to increase the output energy arid efficiency of the 182A soft x-ray laser

we have been developing soft x-ray amplifiers. A gai ," 8cm - 1 has been

measured in a 3mm long carbon plasn transve ,3ely , amped by a 3nsec Nd

laser pulse of energy 25J, of which only 15J impinged on the target 3 . We have

also demonstrated amplification of 4.5 cm-1 in a plasma pumped by only 6J 4 .

In this report we present the initial gain measurements at 182A in a carbon

plasma pumped by a 6J laser pulse. We will also present some measurements

showing a non-linear rise of intensity with length in an Al plasma pumped by a

6 or 12J laser pulse . We will discuss aspects of data interpretation and gain

measurement in such systems.

2. AMPLIFICATION AT 182A WITH A 6J PUMP LASER

In this section, we present gain measurements on the CVI 182A

transition in a carbon plasma produced with a 6J, 3 nsec Nd:glass laser pulse.

The experimental set-up was the same as presented in an earlier paper 4 .

Figure 1 shows the rotatable target system used . A 67-cm focal-length

spherical lens and 450 cm focal length cylindrical lens were operated in a

slightly defocussed arrangement to produce a -200 g~m x 5 mm line-focus on a

length-varying cylindrical target. The target lengths used in this experiment

were 1, 2.5, and 4.5 mm ( limited by the diameter of the access ports in the

target chamber). A 0.8 x 2 mm slot in a mask located 1.5 cm away from the

target in the axial direction, selected a limited spatial region which was viewed

by an axial soft x-ray spectrometer equipped with a multichannel detector. In
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the experiments the slot was placed in such a way that it selected a spatial

region 0.0 - 0.8 mm from the target surface.

Figure 2 shows the intensity variation of the CV 135A, OVI 173A,
CVI 182k, and CV 186A lines with respect to the plasma length using a 6J,
3 nsec. laser pulse. No stainless steel blade or magnetic field was used. The
CVI 182A line ( 3-2 transition) increased non-linearly while the CVI 135A (4-2

transition) and some other lines increased linearly as expected from optically

thin spontaneous emission from a homogeneous plasma of length equal to the
length of the target. This was a clear indication of gain on the 182kA line. The

difference in the length dependence of the 182A and 135A lines here is very
important ( the contribution of the 4th order of the CVI 33.74A line to 135A,

even for the 1mm plasma, was negligible due to the large opacity of this line).

The data were fitted by a nonlinear regression model s which performed a least-
square fit of the data to the relation:

1(L) = (exp(GL)- 1 ) 3/2
(GL x exp (GL) )112

This describes the output intensity of a Doppler-broadened,
homogeneous source of amplified spontaneous emission of gain-length product

GL. The fit yielded a value of the gain of 4.5 / cm on the CVI 182k line and of
0.5 / cm on the CVI 135 k line (see fig. 3). This result augers well for the
commercial availability in the near future of relatively inexpensive soft x-ray
lasers for a variety of novel applications.

3. EXPERIMENTS ON ALUMINIUM PLASMAS, ASPECTS OF DATA
INTERPRETATION

In the above experiment the plasma length was limited to 4.5mm by the
internal diameter of the ports available in the target chamber inside the
magnet. A new target chat. iber was constructed in which plasmas of length of
1cm or more could be pr Aduced. This system also had much more flexibility for

positioning and angular adjustment of the target and detector (Fig. 4 ). In this
section we present some results from this system showing an non-linear
increase of intensity with length of AIX and AIXI lines in an aluminum plasma.
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The lithium sequence ions such as AXI were first used in soft x-ray laser
development by Jaegl6 and coworkers 6, however the present work on
aluminium plasmas pumped with a low energy Nd laser was primarily
stimulated by the surprising results of Hara et.al. 7 indicating gain on almost all
AIX and AIX lines observed. It was a simple task to repeat the experiments of
Hara et. al. by changing the target material to aluminium.

A Nd glass laser, operated at 6J or 12J, was brought to a line focus by a
combination of 4 lenses. Two spherical lenses with a combined focal length of
60cm and two cylindrical lenses produced a sharp line focus 12mm long with a
width of 50gim (FWHM) on a rotatable aluminium target with sectors of differing
length (2, 6, 10mm) . Axial emission was detected by a soft X-ray multichannel
spectrometer "SOXMOS" 8. SOXMOS was attached to a rotatable arm pivoted
under the target so that the angle it viewed could be varied by ± 2 with
respect to the target. The target assembly was on a platform that could be
rotated ±0 around a vertical axis so that by combining the two motions,
emission over a ±41 axial range in the horizontal plane could be recorded. This
system was designed to allow the most precise alignment of the target with
respect to the spectrometer and also enable the detection of a stimulated soft
X-ray beam that had been deviated from the nominal axial direction by
refraction in the plasma. A slot with open area 3mm high and 0.35mm wide
was placed on axis 4 cm from the target to limit the view of the spectrometer.
The position of the slot could be adjusted to view regions of the plasma at
different distances from the target surface.

In the experiment a search for gain was performed by varying the
experimental parameters (including the target length) and looking for
conditions in which the intensity of candidate lines increased with length at a
rate that was faster than linear. A faster-than-linear rise of intensity with
length is commonly regarded as conclusive evidence for stimulated emission.

Figure 5 shows axial spectra of AIW, OVI, AIX, and AIXI lines at 2mm and
10mm target lengths. A dramatic increase of intensity of the A!X and AIXI lines
is seen with the 10mm target as compared to 2mm, while the AIIV and OVI

lines show a sub-linear increase. Figure 6 shows peak intensities taken at 2, 6,
anld 1,m Luget lengulis arnd a curve fit to the data. Tne theoretical fit was
derived from a nonlinear regression model6 as in the CVI case. In general the
transition linewidth will be a convolution of Stark and Doppler broadenin , "ut
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for the present purposes we have used the gain equation based on the Doppler

broadening.
A higher laser energy was used in order to increase the output intensity.

Data taken at 12J is shown in Figs. 7 and 8. Here the increase with length is
even more dramatic, for instance the AIXI 141A (3s-4p) intensity increases from
2mm to 10mm by a factor of x50 and is an excellent fit to the gain equation for

a gain of G = 5.1/cm. The AIXI 150A (3p-4d), 154A (3d-4f) and AIX 177A (3d-4)
lines also show a length dependence which is a very close fit to the gain

equation at comparable values of gain. Similar results were obtained for the
AIXI I05.7A (3d-5f) and 103.8A (5d-3p) lines.

The emission from the plasma was recorded on a time-resolving streaked
spectrometer 9, "TGSS " placed on-axis, on the opposite side of the plasma to
the spectrometer: SOXMOS. A free standing gold transmission grating with a
3000A period and 250m entrance slit, dispersed the axial plasma emission
along the entrance slit of an x-ray streak camera. The entrance slit was 12mm
long, 1mm wide, and coated with a 200A thick aluminium photocathode. This
grating, streak camera arrangement resulted in a source-size-limited spectral
resolution for these experiments of approximately 3A. The spectral range of the
instrument extended from 11 AO to 190A.

The streaked image was amplified by an image intensifier and recorded
on calibrated TriX film placed in contact with the output of the image
intensifier. The sweep speed was 1.25nsec/mm resulting in a temporal
resolution of approximately 0.25nsec. Figure 9 shows detailed time histories of

the 154A and 162A emission taken with 12J of laser energy. The emission had

a total duration of 6nsec.

Data Analysis

There are some unexpected features to the data in Figs 5-8. First of all,

every AIX and AIXI line observed, without exception, showed a non-linear
increase with length. In general the gain coefficient depends on the factors
shown in equation 2:

G = 1 4 gA r N. N,. (2)
G -0giAik g k (2)

5



Here G is the gain coefficient, and X the wavelength. g is the statistical
weight, A& the radiative transition probability and N the population of the
upper level i and lower level k. The highest gain was expected on the 3-4
transition with the largest gA value (3d-4f at 154A), however the data shows
high gain on all the AIXI and AIX lines observed, similarly to reference 8.
Particularly surprising was the strong increase apparent on the AlXI 141 A line.
which has a gA value much lower than the 150A and 154A transitions. The
time history observed with the streak camera showed no difference between the
time evolution at 154A and the continuum background at 162A (Figure 9).
Another unexpected feature is the large rise in the background continuum
emission, from 5-10 counts at 2mm to -200 counts at 10mm. These features
raised concerns about the homogeneity of the plasma along its length.
Specifically, were the level populations in the region of the 2mm plasma viewed
by the spectrometer identical to the conditions in the 10 mm section? As
shown in T': 4, the 2, 6 and 10mm secti, n, shared a common boundary on
the spectrometer end of the target wheel. To test if the plasma was
homogeneous a target was built with the 2mm sections on both ends of the
target and the 6mm section on the end of the target away from the
spectrometer. First the conditions were arranged so as to reproduce the
previous 10ram spectra and then the emission from the two 2mm sections at
each end of the target was compared. It was immediately apparent that there
was a large difference in intensity between the 2mm section at the spectrometer
end and the 2mm section at the opposite end. Taking the average of the 2mm
results, the best fit to the data was now a linear increase in intensity with
length as shown in Fig. 10. The reason for the non-uniformity lay in a small
angle between the target surface and the region viewed by the spectrometer
(Fig. 11), possibly caused by refraction. To verify this, the target was rotated
about a vertical axis to change the position of the plasma generated by the two
2mm sections with respect to the region viewed by the spectrometer. With a 20
rotation the AXI 154A emission from the two ends became equal. In this
configuration however the length dependance of the emission was linear. In
conclusion; the non-linear increase in Figs 5-8 was caused by geometrical
effects and not by stimulated emission.

As noted before the measurement of an exponential inLensity increase
with length is commonly regarded as conclusive evidence for gain (see for
instance ref m7. However in view of the above results it is clear that while thi,
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may be an encouraging sign of gain it is by no means sufficient proof that gain
is present. As was done in some earlier works (for example references 2, 4, 7,
10), it is critical to monitor the emission from nearby spontaneous emission
lines in the same ion, preferably lines with the same lower level as the lasing
line, to be assured that one is viewing a homogeneous plasma and that the
comparison of plasmas of differing lengths is a valid. This is particularly
important for measurements of low gain-lengths, GL _ 4, where the
enhancement of stimulated as compared to spontaneous emission is less that
an order of magnitude.
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Figure Captions

Fig. I The rotatable target system.
Fig. 2 Spectra obtained with 6J laser energy from carbon plasmas of length:

(a) 1mm, (b) 2.5mm and (c) 4.5 mm.
Fig. 3 Intensities of the CVI 182A and CVI 135A lines versus plasma length

and (dashed line) a least squares fit to the gain equation (eqn. 1) with

a gain of 4.5 cm- 1 for the 182A line.
Fig. 4 Improved experimental set-up for gain measurements showing the

range of angular adjustments available.
Fig. 5 Aluminum spectra obtained at 6J laser energy with target lengths

2mm and 10mm.
Fig. 6 Dependence of the AIXI 154A and AIX 177A axial line intensity on

length. The line represents a fit of the experimental points to the

theoretical gain equation ( eqn. 1 in the text).
Fig. 7 Spectra obtained at 12J laser energy with target lengths 2mm and

10mm. Note the xl0 scale change from the 2mm to 10mm graph.
Fig. 8 Dependence of the AIXI 141k, 150kX 154A and AIX 177kA axial line

intensity on length. The line represents a theoretical fit of the

experimental points to the gain equation ( eqn. 1 in the text).

Fig. 9 Detailed time histories of (a) 154k and (b) 162A emission taken with

12J of laser energy. The fluctuations are caused by film grain.
Fig. 10 (a) data showing the 154A intensity variation with length but in this

case including 2mm sections from both ends of the target. The 6mm
data was from a section at the opposite end of the target to the data in
Figs 5-8. (b) as above but with the target rotated by 20.

Fig. 11 Illustration of the effect of a small angle between the plasma and the
region viewed by the spectrometer. The comparison of plasmas of

differing lengths cannot be used for measurements of gain in this

case.
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Figure Captions

Fig. l a The Target Chamber used to generate a gain of 4.5 cm-1 at 182A. Its
size is 3" x 3" x 6".

Fig. lb Schematic of the rotatable target system.
Fig. 2 Spectra obtained with 6J laser energy from carbon plasmas of length:

(a) I mra, (b) 2.5mm and (c) 4.5 mm.
Fig. 3 Intensities of the CVI 182A and CVI 135A lines versus plasma length

and ( dashed line) a least squares fit to the gain equation (eqn. 1) with
a gain of 4.5 cm-1 for the 182A line.

F g 4 Improved experimental set-up for gain measurements showing the
range of angular adjustments available.

Fig. 5 Aluminum spectra obtained at 6J laser energy with target lengths
2mm and 10mm.

Fig. 6 Dependence of the AlXI 154A and AIX 177A axial line intensity on
length. The line represents a fit of the experimental points to the
theoretical gain equation ( eqn. 1 in the text).

Fig. 7 Spectra obtained at 12J laser energy with target lengths 2mm and
10mm. Note the xl0 scale change from the 2mm to 10mm. graph.

Fig. 8 Dependence of the AIXI 1414 150A 154A and AIX 177A axial line
intensity on length. The line represents a theoretical fit of the
experimental points to the gain equation ( eqn. I in the text).

Fig. 9 Detailed time histories of (a) 154A and (b) 162A emission taken with
12J of laser energy. The fluctuations are caused by film grain.

Fig. 10 (a) data showing the 154A intensity variation with length but in this

case including 2mm sections from both ends of the target. The 6mm
data was from a section at the opposite end of the target to the data in
Figs 5-8. (b) as above but with the target rotated by 20.

Fig. 11 Illustration of the effect of a small angle between the plasma and the
region viewed by the spectrometer. The comparison of plasmas of
dUieing lengths cannot be used for measurements of gain in this
case.
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We present recent gain measurements in C vi at 18.22 nm for a soft-x-ray amplifier produced by a line-focused glass
laser( I 053 Mm) on a solid carbon target. The maximum gain measured was 8 * 2 cm-1 in the recombining plasma
column, with additional radiation cooling by iron impurities.

Recent research in soft-x-ray laser development is In the experiments the maximum pumping laser
progressing in the direction of obtaining shorter wave- energy used was 40 J, which was limited by the area of
lengths. Significant advances are also being made in the beam input optics, and the pulse duration was 3
the XUV region. Much attention is being devoted to nsec. The 5.1-cm-diameter laser beam was line fo-
the first applications of these lasers. The possibility cused onto the cylindrical target by the combination of
of using soft-x-ray lasers for the microscopy of living a 67-cm focal-length spherical lens and a 450-cm focal-
cells has stimulated research in the development of x- length cylindrical lens (Fig. 1). The dimensions of the
ray lasers operating in the wavelength region of 2.33- line focus were -100 gm x 5 mm. The length of the
4.37 nm. the so-called water window. l .2 Impressive line focus was limited by the size of the magnet-port.
advances in longer-wavelength XUV lasers, such as One of the features of the target system-was the capa-
the one recently demonstrated at 108.9 nm,3,4 have bility of rotating the target so-that for every shot a
significant potential applications in- chemistry. An fresh target surface is exposed by the laser. A similar
important point, however, that is rarely discussed is condition was created -in the experiments performed
the laser energy required for these applications. For by Jaegl6 et al.9 by translation- of a plane aluminum
example, in order to record a high-resolution image of target. The gain was measured-by changing the target
a biological cell on a photoresist, substantial laser length and hence the plasma length, as shown in Fig. 1.
beam energy is required. This is a significant concern Another feature was a stainless-steel blade in front
in our current soft-x-ray microscopy experiments, 5  of the target. The 0.25-mm-thick stainless-steel
even for the maximum output energy of our current blade was placed 0.8 mm from the target 6 rface. The
18.22-nm laser.6  function of the blade was to -provide -an additional

We have, therefore, applied a significant effort to cooling source: fully stripped carbon ions in the laser-
increase the energy of the 18.22-nm -soft-x-ray laser. produced plasma interact with the blade and cool-rap-
One approach has been to develop additional amplifi- idly through thermal conduction and line radiation.
ers. This technique can also be applied to the shorter- The concept of conductive cooling by a metal plate was
wavelength region, where our current goals include the first suggested by Bhagavatula and Yaakobi.10

generation of lasing-action near 10.0 nm, using ions in Experiments with a target without the stainless-
the Li-like sequence,- and down to 1.0 nm, using a steel-blade showed significantly lower gain: with 32 J
powerful picosecond laser for selective excitation.8

In this Letter we present the first step in developing 8
such amplifiers by the generation of -gain in C Vi at
18.22 nm using a Nd:glass laser beam brought-to a line
focus on a solid carbon target in a strong magnetic field Length-Varying

(field lines parallel to the line focus). The role of the Cydca Target

magnetic field is considered-to be less important here stainless-
than in our research in generating gain at 18.22 nm Bevel Steel Blade

using a C02 laser that is point focused along the mag-Ger
netic-field axis because of a-much higher initial elec-
tron density for the 1-pum Nd:glass laser than-for the :..k & Lin.eFocuSd
10-pm C02 laser. However, in the future we plan to stot Laser
combine this amplifier with our C02-laser-pumped,
magnetically confined soft-x-ray laser; thus it is neces- XUV
sary that the Nd:glass-laser-pumped amplifier also Spectrometer
work in a magnetic field and-have a similar transverse Fig. 1. The rotatable-target system. B, An axial magnetic
dimension. field.

0146-9592/89/130665-03$2.00/0 © 1989 Optical Society of America
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'J E lines with respect to plasma length are shown. The
ca) ram E E data were obtained with 25 J of laser energy and the

c Er, E stainless-steel blade and slot dimensions as described-- - - - above. The magnetic field was 50 kG. In the experi-
0_ ", 5 = ; ments we found that the variation of laser intensity

-. UN 0 over the line focus limited the length of the plasma.

n over which gain could be achieved, to approximately .3
- , ~~ ~W ~~m mm. Attempts to create a uniform plasma longer, k' than 3 mm showed that a C VI 13.50-nm intensity

increased less than linearly. This indicated that the
weaker laser intensity beyond the central 3-mm-long

S,,region did not create the same plasma conditions as in
(b) - 2 mm the central region. For the gain measurements plas-

1i ma lengths of 1, 2, and 3 mm were used, and the plasma
- - - 1 uniformity is evidenced by the linear increase of the C
- - - V 113.50-nm intensity with length. Emission by iron is

J clearly seen in the spectra. The 18.22-nm line from C
VI is blended with a line of similar wavelength from Fe
XI 18.22 nm. Without correction for contamination
due to Fe xI 18.22 nm, the estimated gain is 5 ± 2 cm- 1.

- The line intensity of Fe Xl 18.22 nm is known to be
,_____________. __ x v approximately the same as those of Fe x1 18.11 and

18.48 nm.' 1 Since the Fe XI 18.11-, 18.22-, and 18.48-
c) -3 mi nm lines originate from the same 3p 33d upper level,

the use of line intensity ratios in Ref. 11 provides--i[ i reasonable approximation in estimating the contribu-

" -tion of Fe XI 18.22 nm. The average of the line inten-

sities of Fe XI 18.11 and 18.48 nm is used in correcting
the line -intensity of C vi 18.22 nm. In Fig. 3 the
corrected line intensities of C VI 18.22 nm (integrated
over time and frequency) are plotted versus the plas-

. .- ",, malength. The data have been fitted by the relation

Fig. 2. Experimental spectra obtained by a XUV spec-
trometer for plasma lengths of (a) 1 mm, (b) 2 mm, and (c) 3
mm with 25 J of laser energy and a magnetic-field strength of ,oooo -
50 kG. 9000 ,

of laser energy a gain of 4.5 cm- I was measured with 8ooo0
the blade, compared with 0.4-0.8 cm - 1 without the
blade. A limited spatial region is selected by a slot in a 7000

mask 1.5 cm from the target in the axial direction and 6000/viewed by a soft-x-ray spectrometer located 2.6 m 6000

from the target in the axial direction. For the data ,'
presented below the slot size was 0.8 mm X 2 mm, and SOOO
the near edge of the slot was 0.5 mm from the target
surface. Hence- the region selected by the slot includ- 4000 -

ed an area surrounding the blade. ,0
Experiments in which the radial distance from the

edge of the slot to the target-was varied indicated that 2000 "
C vi was abundant in the region 0-2 mm from the .....

target surface. The region selected by the slot for the 00 -'oo
gain measurements (0.5-1.3 mm from the target sur-
face) was judged to have the most favorable conditions 0 ' .
for gain. 0 2

Figure 2 shows the experimental data recorded with PLASMA LENGTH (M.)
an axial-grazing-incidence soft-x-ray spectrometer. Fig. 3. Intensities of C %i 18.22 nm (filled circles) and 13.50
The angle of incidence was-88 0 , and the intensities of nm (open circles) versus plasma length with 25 J of laser
multiple orders were negligible. It was equipped with energy and a magnetic-field strength of 50 kG. A stainless-
a 1200-groove/mm grating at a blaze angle of 10 and a steel blade was placed in front of the target for rapid cooling.
multichannel detector. The intensity dependences of The dashed ctrve is a theoretical gain curve of 8.1 cm-1; C vi
the C V1 13.50-nm, C VI 18.22-nm, and C V 18.67 -nm 13.50 nm-increases linearly.
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Soft X-ray Lasers and Their Applications
S. SUCKEWER AND C. H. SKINNER

for atoms in very strong electromagnetic fields; and iu) improve.
T) . nerging technology of soft x-ray lasers has novel ment of the prcsent 18.2-nm laser and its application to soft x-ray
ap-., ..tions to microscopy, lithography, and other fields. mlcroscop .The existing soft x-ra% laser at Princeton is pumped b% a
ThiL rcicle describes the status of soft x-ray laser research commercial-300- CO2 laser and has a uaclength of 18.2-nm. an
wit ,he aim of bringing the rapid developments in this output energy of 1 to 3 mj, a pulse duration of 10 to 30 ns. and a
field to the attention of potential users in other disci- beam divergence of 5 mrad.
pli ,e,. The different techniques for generating a popula-
tior i'version and producing a soft x-ray laser are re-
view-.d. The status of current research in the field and the Soft X-ray Laser Research
near-term prospects are described. It-is expected that the
range of potential applications of soft x-ray lasers wi Although soft x-ray laser research %%as pursued in the 1970s. the
increase as their performance improves. Work aimed at field came of age in 1984 % ith the first unambiguous demonstration
increasing the output power and progressing to shorter of high gain by groups at-Lavrcnce Livermore National Laborato
wavelengths with these devices is also reviewed. (9) and Princeton Universitt (10). These two groups used ditffrent

approaches to generate gain (see Fig. 1), and these approaches-ha e
formed the-basis of all successful work on soft x-ray lasers since-that
time. (i) The recombination -approach is based on H-like ortLi-like

ASEK.t OPERATING AT X-RAY WAVELENGTHS HAVE BEEN tons. (ii) The collisional excitation approach is -based on Ne-like or
sought after since-the invention ofrthe first lasers in -1960, Ni-like ions.
becaas, of their intrinsic interest and also because their Both-schemes rely on- high-power pulsed lasers to create the

ultrahigh-brightness and-short %aelengths made them ideal-for a appropriate conditions in a plasma, and in both schemes the
%artet% of applications. Ho%'eer, the ,.reation of a population population inversion necessary for stimulated- emission and gain is
mersion in highl. ionized ions necessan for x-ray laser action brought- about by fast- radiative decay of the lower level. in the
places seere demands on-the required pump-source, and for-this recombination approach-for H-like ions, a-laser is used to create-a
reason -soft x-ra% lasers remaied an elusine dream until 1984. The plasma with a high fraction of totally stripped- ions. After the-laser
first demonstration of lasing action in the soft x-ray' region by pulse,-the plasma is cooled rapidly and undergoes fast three-bod%
groups at La%%rence Liermorc National Laboratory and Princeton recombination. In some-cases the plasma is cooled by adiabatic
Uni erst% in 1984 has -been followed by -work at a number- of expansion. One unique- feature of the Princeton laser is -that the
laboratories around the %,orld. At present, rapid progress is being plasma is confined in a magnetic field and cooled by radiation losses
made in the extension of the operating wavelength range and-power The magnetic field maintains a high electron density, which is
of these de% ices and in the-development of small-scale and relatively beneficial -because the three-body recombination rate scales as the
o10 -ost soft x-ra% lasers suitable for widespread application to fields electron- density squared. It- also helps to shape the plasma into a
such as microscopy and microelectronics. long thin geometry suitable for a laser and enables an efficiency to be

Recent_%%ork at a number of laboratories-has been aimed toward attained-that is almost 100 times higher than other operational- soft
the development of soft x-ra% lasers in wavelength regions shorter x-ray laser systenis. Three-body recombination puts into- upper
than 20'nm and of lasers in the % acuum-ultraviolet (VUV)-region excited levels a high population, which decays downward by
near 100 rim and belog. -Noteworthy are the-achievements of'%ery collisional radiative cascade. In hydrogenic ions, level 2 decays
high gain-tmuch abo~e saturation) in Cs near 90 nm with relatively rapidly-by radiation and a-population inversion is built up between
lo% pumping po% er as demonstrated by the-Stanford group (4), the levels 3-and 2. The atomic structure of Li-like-ions is similar to that
generation of ven high-power density radiation (above 10" W of H-like-ions, and the same approach works in this system also (11,
cm- for application to soft x-ray lasers by the Chicago group (2), 12). In this case the 3-2 transitions have a high radiative decay rate,
and theoretical work on "tabletop" VUV lasers at 30 to 40 nm with and gain can be generated-on the 4-3 and 5-3 transiticns The-Li-
the use-of Ni-hke or Nd-like ions by the-Massachusetts Institute-of like sequence has the advantage of a shorter wavelength lasing
Technolog group l3). The experimental -and theoretical- work at transition for ions of similar ionization potential, that is, a-better
Princeton (4-8) includes: (i) the development of a powerful subpi- "quantum efficiency."
cosecond laser system that uses a new approach in x-ray- laser The Ne-like scheme-was-applied at Lawrence Livermore-National
de% elopment to generate soft x-ray spectra, (it) a theoretical model Laboratory. Here a high-density, high-temperature plasma is gener-

ated by a-large Nd laser, Novette or Nova.-In the Ne-like plasma, a
large population of ions is collisionally excited to the 3p level. The 3Y

The authors are at the Princeton -Lnivcrsi Plasma Phvsics Laboratorv. Princeton. N level has a relatively low-population since- it has a fast radiatihe
08543. s.-Suckcwcr is also aifiliated with the Mcchanical and Aerospace Enginering
Department of Princeton Univerfity. transition to ground, anda population inversion is built up between
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Fig. 1. Partial energy level diagram by Moreno e( al. (16).Recomna~o '~zatn vof the two successfiufsoft x-rav laser "
or coks't-ar The recombination approach has been used at the Laboratory for
purro 0 E ea states schemes. t.aser Energetics at Rochester University (17) to produce gain on

LaSPg the C VI 18.2-nm -transition in- -a radiation.cooled Se!Fornvar
rarsn plasma. The collisional excitation scheme has also been demonstrat-

ed by a group at the Naval Research Laboratory (18) at wavelengths
Fast from 19.5 to 28.5-nm in Ne-like Ge and Cu. This experiment used

less demanding technology than the schere at Livermore. a lower
- _a se power driver laser (350 to 485 -J operating at the ufindamental

wavelength of L0S l.m) and simple slab targets rather than
exploding foils. Interestingly, thej=2-= 1 gain coefficient (j is the

the 3p and 3, le\e6s, The same sdieme also \ orks in Ni-like ions, and angular momentum quantum number) of C = 4-1 cm-' obser ed
here, as in the .ase ut Li-like ions, there is an ad antage in using the \ ith single-sided illumination ofa thick slab of Ge-was comparable
Ni-like sequen.e to aoess the shortest possible \%aelengths. A to that obtained by the Livermore group with an Se film target that
retent re'ie\ ot \%ork at-Lixermore is gi\en in I3. The ambitious %%as illuminated from both sides. Also for the first time the Cu ./=0
goal of the Li\ermore "ork is to dexelop a high-brightness, high- toJ= 1 line showed a C comparable to that for theJ=2-./= I lines.
-.oherenie bott \-ra\ laser in the \\a\elength range 4.0 to 5.0 nim for in-agreement \ith-theoretical predictions In Japan. Herman 'r if
high-resolhttun holographic imaging of biological specimens. One 19) ha\e demonstrated gain at \arious \%avelengths including a
step in this dire,ton x\ as the reent achie% ement of a gain-length measurement of G of 2 cm in the 8.1 -nm transition in H-like F
i(,Li ot -4 at 4.48 nm in Ni-like Ta. In summar\, both approaches Kato et a. (20) have reported GL = 1 at 5 4 tm-and GL = 0 9 at
use a laser to .reate an appropriate plasma and rel on fast radiati\e 4.5 nm, but their experimental data haxe been criticized as being
dea\ to deplete the loner lexel in order to generate a population ambiguous and uncon\incing. Very recently there has been a report
imersion. The major difference is that in one case the upper level is bv Hara et at. (21) of gain in the soft x-ray region produced by a
populated through recombination and in the other it is populated b% small-scale (6-J) pump laser, The presence of gain was deduced from
collisional excitation, the nonlinear rise in intensity with length of AIX and AI XI

A aumber ot laboratories around the %%orld are hea\ iI\ engaged emission lines. However, in contrast to earlier work by Kim c ra r;
in sott x-ra% laser research. We %'ould like to mention the pioneering 6, 12), the nonlinear rise of the "gain lines" with plasma length was
%xork-ot Pert and -Ramsden and their Lolleagues t 14) at Hull in not referenced to a linear rise of "no-gain lines" in-Al XI such as the
England on the recombination scheme for C fibers at 18.2 nm, 14.1-nm transition, leaving open- the possible influence of other
%% hid, %%as later taken up at the Rutherford Appleton Laborator' effects (such as gradients in the plasma temperature along the plasma

13;. This work is no\, part of an international effort inolh ing se'en region \ iewed b\zthe detector) -that-could also-produce a nonlinear
different institutions-in England, France iOrsa\ . Japan- (Institute intensity rise. Clarification of this-point would be valuable as-this
tor Laser Engineeringa. and the -United States iNaval Research result, if verified, would add to earlier work (5, 6) with very'
Laborator. P. The soft \-ra% laser experiments of Jaegl -et al. (11) favorable implications for the commercialization of soft x-ray lasers
originated from the obserN ation of a bright line at 10.57 nm in an Al A third potential -method to achieve soft x-ray lasing is resonant
plasma. This previously unknown line-was identified as-the 3d-Sf
line ofLi-like Al. Confirmation that this line was due to amplifica-
tion of spontaneous-emission was obtained from measurements of A 40 27 o
the plasma absorption-or gain over the-observed spectrum. A clear 120 C w i 2-1
peak was seen at 10.57-nm, corresponding to a gain of up to 2.5 90 33.74A 2

-1

c-'. More recently, experiments with a 6-cm-long plasma have

resulted in a gain-length of CL - 3.0; Use of a soft -x-ray mirror 60- T I I I
with a-reflectivit, of 5%in a double-pass arrangement resulted in an
effectixe gain-length of-GL -4. Gain-lengths of up to GL -2.7 on-
the 3,1-4f/and 3,1-51*transitions in Li-like Al have also been reported 2 2 30 1 3 3 40 42

26 28 30 32 34 36 38 40 42

20, l~~
- (2s2p-ls2s) 34.2 (s

>' 40 113,74A --\ |(2s2p-1 $2s) 34.5 A h40.9AH.Itkei (2s2p -1s2p) 35,5s
Li-hke _

-uS Nelike

• Ne-like

_= '.20

U -. ;I III I I10I III

" " " i III I -

0 26 28 30 32 34 36 38 40 42
- " Fig. 2. -Plot of gain. wavelength(A)

I * -- length achieved to date
I versus wavelength (5- Fig. 3. Carbon spectra obtained -with a Teflon target (A) without-pulse

.. , 20). The dashed line compression (20-GW laser power- -E-= 20 mJ (200 shots). At = I psi and
0 0 2 2 marks GL = 4.6, which (B) with pulse compression and final-KrF* amplifier {0.3-TW laser power,
0 50 100 150 2;0 250 300 corresponds to an en- -E = 100 ml (5 shots), At = 300 fsl. [Adapted from (4) with permission-of

Wavelength (A) lanccment-of 10, the Optical'Society of America]
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photopumnping in a nmo-component plasma (2-11. Reson~ant pho- ized ions and use such processes for the creation of population
toexciration has been recently demonstrated in the soft x-ray rang,. inversion and gain at %%avelengths down to 1 nm.
by Monier er al i23) A H-like Al XIII resonance line %% as used to It is verv difficult, however, to both create highy ionized ions and
pump a Ne-like Sr XXIX resonance line, resulting in-an increase of a prox ide sclecti% c multiphoton excitation of such ions %% ith a single
factor of 2 in fluorescence from the upper state -of the pumped laser. Therefore, we proposed in 1986 the usC of rN o lasers 0.1 The
transition Ho%% eer. the pumping efficient, % %as- less than ex\pected. role of the first, high energy but lo%% -po%% er laser tfor example, 0.5-
Se~era1 difficulties need to be o~ercome if this method is to be kJ. 50-ns C02 or I00-J-,3-ns NdYLF laser, where YLF is yttriumn
suciessffilh applied to generating -soft x-ra% lasing. lanthanum fluoride) is to create a plasma columin of highl% ionized

The urrcrit state ut the art is represenited in Fig. 2, x% hich sho%% s ions that ma% be confined in a strong magnetic field. The role ot the
GL %ersus %%a% lenzrh. High GL %alues ha~e been acie~ed omer a second, extremel% high power laser (- 1*TW KrF laseri is to
\arien of na% clengths. although in general there is a falloff in gain as generate-gain b% multiphoton ionization, %er% fast ionization ttor
the " ax elength approac~hes the '% ater x% indoW% region, 2.4 to 4.4 example, inner shel ionization j, or selecti% c multiphoton excitation.
rim, important for biological applitations, It is onl% %%hen GL Mfore details about the Po%%er'ul Picosecond iSub-Picoseicondi
exceds 4 6 that 'he Output intensitn exceeds spontaneous emission Laser kPP-Laser) system are presented b% Neiiler et at. 4j
b\ more thain an order of magnitude and one Lan talk about a soft V- One of our first experiments %% ith such -a high-pox% er densin laser
ra% laser beam, A number of groups are inmestigating the phxsics beamn %%as a measurement-of soft x-ra% spectra for C and-F. The laser
rele' ailt to more efficient ur shorter " a% elength 5s.hemes, in parti, u- beam %kas focused on a rotating c~lindrit.al Teflon target x' hue a soft
lar Harris and his colleagues k24; and Murname-etal- t25), xho are x-ra\.grazing incidcnceSch%%ob.FraenkelspectrometerSOXMOS
%urking onl Auger ionization, and Boxer et d_ 26), Mino are %%ith multichannel detector monitored the plasma radiation from the
".urkuig onl multiphoton processes More details of the current target surface. Figure 3B sho%% s the spectrum in the % cint\ of the
research directions are c.ontained in k2-). For special journal issues C VI 3.37-nm and C V 4.03-nmn lines both from 2 -1 transi-
de~ored to soft x-ray lasers, see (28. 29). tions). In-addition to the enormous line- broadening, one can see a

strongly pronounced- unusual structure-in the lines. Both broaden-
ing and satellite structure are larger in the spectrum obtained at high

Soft X-ray Laser Research at Priceton power than in the spectrum obtained atlower power (Fig. 3A). Onl
the red side of the lines, several satellite lines can be identified (2p2 s-

.41Ppi , 101,014 'adaI-ur .\-ray Ia~er. The main difficultn in approach- 132) at 3.42 and 3.45 nm, 2)2-1j2p at 3.55 nm, and 1,2,2p-L , -7 at
ing-shorter and shurter %%a% elengths us the requirement (or % er\ large 4.09 nmn). In addition, there is a component at 3.3 n-m onl the blue
increases in pumping po%%er. -For ex~ample, for soft x-ra% lasers side of the-C VI 3.37-nim-line. It should-also be noticed that the
pumped prirnarilh by re, oombination or clectron-ex, itation process- number of shots needed- for these short-%%a~elength spectra is
es.-the pumping po~er P is proportional approximatelh to \ ~for proportional not to the-laser beam energy but cather to its pox~er.
L.onstant gain G. This follo%%s from a simple relation between gain. Jhe energy of the laser-beam uncreased-bv a factor of 5 " hile the
\%a~elength N, andzpopulation inversion A.~[see i(3O)J. number of-shots decreased by a factorof 20.) In spectra obtained

earlier with the 20- to 30-GW PP-Lascr-(10'6 W cm--, part of the
C -x4 .\'fl ~large broadening and asymmetry of the-F VII lines inthe spectral

w\here region from 12.0 to 14.0 nm was attributed to the Sta -rk-effect and

-I-Nin, Pradiation- from the forbidden components of the lines- (34). Very
recentlv, -Koshelev (35) -interpreted asymmetric broadening of the

Therefore, in orderto decrease the lasing ~a\ elength from 10-to-1 F VII lines to be a result-of satellite line radiation. Spectral lines of
rim. the pumping po%%cr must be increased approximatelh by a C VI, C V, and F VII excited by thie yin-high power beam seem to
factor-of 10'. indicate --complicated-satellite-type structure. Of cou -rse. the very

The reciombinatuon laser at Princeton presently- operating at 18.2 strong-electric field created-bv such a-laser beam may be partiall
rnmzrequires a laserpumping energy-of - 300 J.-Without changing responsible-for these effects. Spcrcoimeureitfrdie-

pusieuth. the-energp for lasing at- I nmn would-need to be on-the ent targets as well as experiments in which a highly ionized plasma is
order-of tens of-megaloules. Because the size and cost of a-laser initially-generated by CO2 or Nd1YLF lasers and then excited by the
increase dramaticallN with energy i but not with- power), such a- PP-Laser should enable us to develop a clearer picture of the
systemn %% ould be x en-- large and v'erv expensive. Thus, a great deal-of behavior-ofhighly ionized-ions in strong laser fields.
attention in soft.\ ra\ -laser de% clopment is being devoted to schemes Developmnent of an additional atnplifier at 182 nin. Presently. the
in xxhi,.h mcrastable-and autoionizing lc~cls can-be used for storing highest beam energy of our soft x-ray-laser tSXL) (36y-at 18.2 tn
pumped ene rg\ -as-proposed by-Harris (31), or~schcmes based-on (C VI 3-2 -transition) -pumped by a-300-J CO2 lascr-in a 90-kG
%er-% short ipicosecond and subpicosecond) pumping pulses (-32). solenoidal-magnetic field is 3 mJ'with a-3-min repetition rate. At
This second approach is particularly attractive because the-upper present,-the beam energy-is one of the niost important -parameters
state-lifetime is of-the order of 10' 12 to 10 -" s for a transition for applications of the SXL. In order to increase it, we hav-e
%%a~elengt of 1I-nm. Therefore, pumping is-required only for- a developed an additional-SXL amplifier (3 mm long) at-18.2 nm that
picosecond or subpicosecond time- interi al. After- this time, energy is pumped by a Nd/YLF laser beam line-focused onto-a C target.
would just be wast- ed in heating -the -target imaterial. Thin Fe -blades in the -front of the -targets provide -additional

-Lasers %with beam energy of order of only I J and- pulse duration radiation cooling of the plasma coltm.We have demonstrated gain
of - ps can provide very high -power, P - 10-- W. Even -more up to G -8 cm'1 in one-SXL amplifier with 15 J of Nd/YLF laser
important, such -a laser operating-in the UV range-(for cxampl, thc beam energy on target 4sce Kim et a!. (5,-6)]. The axial spectra in the
KrF-excimec laser %%ith wavelength 0.25 I±m) can-be focused to a 2- vicinity of the lasing lineCVI 18.2 nmf-(3-2 transition) -and in the
to 3qr spot, pro% iding a powerdcensity in excess of 1018 W e'n 2 vicinity of C V! 13.5 nnir-(4-2-ttansition) were meaured-for 1., 2-,
(with- corresponding electric field -10" V cm-' = 10 kV nm-1) and 3-mm-long targets. A striking, nonlinear increase iii the intensi-
on target. With- this power density it is possible to provide tv of the -18.2-nim line, in -comparison- to near-linear- increase in
multiphoton excitation and multiphoton ionization of highly-ion- intensity ofthe 13.5-nm- line, may be-seen in Fig. 4.
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Fig. 4. Gain measurement for C VI In our system with a CO: pump laser the initial electron densit" is
'e0c0- * 18.2 nm with the use of 15-1 pump Ne = 10 9 cm-3 . For such an electron density, the largest gain in
9c- laser energ' on target (25 J in total A] XI and Si XII is expected for the 4-31 transitions at 15.4 nm -and. C'1 182A I ba 50 kG. stainless steel blade).
8oC.- Cv 3SA [Adapted from A 61 %%ith permission 12.9 nim. respectively. The Al or Si targets used in the experiment
" A-. of the Optical Socty of Americal were very similar to the SXL C target with the- exception that the

G.'' - blades were a combination of lasing element (Al or Sih and fasts:co- radiator (Fe). The measured one.pass gain was- CL - 3 to 4 for
S .15.4-nm radiation and GL -1 to 2 tbr 12.9-rm radiation. Details

_ ... - *about the experiment and theoretical modeling are presented in (3,
12).

-Application of the Soft X-ray Laser to
2 Microscopy

Plasma length (mm) Most of what is known about the internal structure of cells-has

been learned by the development and application of the techniques
Caiot t cipontu. A laser La% it% tan inkrease the brightness of the of electron microsop . This knox ledge rests-on the premise-that

SXL beam bx sexcral orders of magnitude b% decreasing the the intensixe procedures neessa to prepare a specimen for lec-
dixergenLe to a %alue Jose to the diffirattion limit. In order to tron microscop do not significantlh influence the structure, form.
establish the proper Lax it modes, a number-of passes through the and high-resolution dctail obserned Nonetheless. unansxxered ques-
gain medium are needed and a relatixel% long-duration gain is tions remain about the fidelix of the image of a cell that has been
nelessarx ,,L - 4 for seteral cax it. round-trip times). In our earl% fixed, stained x ith heax metals, and sectioned to the original lix ing
%xork. using a nexl% dexeloped nultila~er mirror 3", %ke demon- cell. X-ra) microscop offers-a nexx %%ay to look at unaltered cells- n
strated a 120 % intrease in 18.2-nm radiation, due to amplification their natural state. The absorption edges in the x-ra% spectra of
ot stimulated emission, b% using a mirror x th a reflecti itx of onlh naturally occurring cell constituents proxide contrast xithout the
120b 08). Hoxxexer, the mirror alignment posed tremendous addition of hea-x' metals to the cell necessar, in electron microscopy
difficulties,_ hitLh practicall% made it impossible to dex elop a caxity Work has-begun in using high-brightness synchrotrons and soft -x-
in the original SXL setup. We haxe therefore -designed an unstable ray lasers-as light sources for x-ra% microscop)40) Biologistshaxe
resonator-npe caxitx with a transx erselx pumped C fiber as-the long dreamed of obserx ing -the form and function of living cels at
lasing medium. The same caxin %%ill also be-used for a 1-cm-long high resolution. The short, nanosecond pulse length of soft x-ray
SXL created bx a line-focused NdYLF laser beam incident on the lasers offers the potential of observing a cell that was alive the instant
cvlindrical -C target described in the section on an additional before a flash exposure of a-soft x-ray laser recorded its image The
amplifier, necessary -radiation dose -levels make it unlikely that the cell will

In the-Laxit\ design. particularly in choosing distances between survive thc exposure, but exposure! of different cells should make it
lasing medium and mirrors, %Ne xxere LonLerned xx ith the possibilities possible to piece together new information about dynamic processes
of damaging the multilaver mirrors by soft x-ray radiation. Reccntly, inside cells.
ho\exer,_Cegho et alt (39) -demonstrated, in-a xery elegant cavity Work has begun at Princeton to use the 18.2-nm laser (SXL) fbr
experiment, that such mirrors are quite stable against soft x-ray soft x-ray contact microscopy of biological specimens (This work is
beam damage, ex en at a distance ofa fexx centimeters from the lasing also closely related to x-ray microlithography ) The ultimate goal of
medium. our x-ray -laser microscopy program is to obtain images of living

Gain in Li-like ton at 15.4and 12.9 tn. Pioneering work for Li-like cells. The-details of this work as well as our other work with soft-x-
Al XI tons. particularly for the 4f-3d transition at 10.5 nm, waz done ray taser microscopy are-described in (7, 41, 42).
by Jaegle-and his group (-11), using a Nd/glass laser (initial- plasma In the-x-ray laser microscope, a thin (-0.1-im) silicon-nitride
electron density = 102 cm' ) for the pumping lasing medium. window square separates the vacuum tube, in which x-rays travel,

from the -biological cells located on photoresist at atmospheric
Ff ,bl'4npressure. We hav. demonstrated that the SXL beam has sufficient
] "x.se energy to-expose images on-photoresist in-a-single shot. In-x-ray

contact microscopy, magnification is obtained -when the exposed
Red photoresist is viewed in-a scanning electron microscope (SEM).

- ' --ter Lamoo0nse Images of-diatom fragments (the silicified-skeleton of planktonic
algae) on photoresist indicated that the resolution on the photoresist

- was better than 0. 1 lm. One may also regard diatom fragments-as a-
kind of lithographic mask and an illustration of the potential

Ffesnel ipplication of the SXL to microlithography.
Winow tenses

Revsi Stage We have built a Composite Optical/X-ray Laser Microscope
p1se, 2 .. = lcIve Fi.5. Schematic o (COXRALM), shown schematically in Fig. 5 and described in (7,

gpowerO 0e) Fig. ig. Sceai anoesrbd'n7Phaseegoas" "ei the COXRALM de- 42). COXRALM is designed to allow a biologist to select andEyepiecesra Pcem I signed to allow biolo. observe live biological cells, using an optical phase-contrast micro-
Stocamera -u gists to select-and ob- scope .43), and then create-a high-resolution image of the cells on

IAtrt~~.~~ .,'-'" ou ser'e lixe cells-beforc photoresist with the SXL beam. The first results were obtained with
L,, \"--I_..3 lamp trse recording a high-reso.lution contact image dehydrated cells to optimize-image contrast-and resolution without

'a DLt Oaveri with the soft x-ray-la- the technicalities of handling wet, live cells. -Figure 6 shows a-SEM
sp.,ter base ser. " image of a -replica produced-by the 18.2.nm SXL of dehydrated
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Soft.x-ray amplification in lithiumlike Al xI (154 A)
and Si XlI (129 A)
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Plasma Ph% sics Laborator. Princeton Universiv. Princeton. Newi Jersev 08543
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Recent experiments on soft-x-ra. amplification in lithiumlike ions in a CO_ laser produced recombining plasma
confined in a magnetic field are presented, The maximum gain-length tGL) products observed are GL : 3-4 for
the 154-A 4/-3d transition in Al xl and GL = 1-2 for-the 129.A 4f-3d transition in Si xii. A one-dimensional
hvdrodynamic code with a collisional-radiative atomic model was used to model the plasma, and the theoretical
predictions of gain agree well with the obser ations. Descriptions of both hydrodynamic and atomic physics codes
are given.

1. INTRODUCTION the Rutherford-Appleton Laboratory also-measured gain
for the 4f--3d transition in Li-like Al xl, using a C fiber

Since the demonstration of high- amplification-of soft x rays coated with a-thin layer of Al)" At Princeton University.
in laser-produced plasmas,' 2 different approaches to im- early investigations of Li-like spectra have also shown evi-
prose x-ra laser characteristics to shorter wavelengths, dence of population inversions between the-3d and 4f levels
higher power. better coherence, narrower divergence, and in 0 vI andNe vll,"- with an estimated gain of 1.8 cm-"for
better efficiency are being pursued at several iaboratories.-'" the case of 0 V1.
In terms of improving the power, coherence, and divergence. In the recombination -scheme a powerful laser is focused
%e hate developed an experimental system-with which a onto a solid-target, creating a large population of ions in an
series of experiments on soft-x-ray laser cavities will be per- ionization stage above the one in which a-population inver-
formed. An x-ray laser operating wavelength between the K sion between excited levels-is desired. i.e.,-He-like ions for a
-edge of carbon at 44 A and thatof-oxygen at-25 A would be population- inversion in- Li-like ions. Then, rapid cooling
optimal in terms of penetration, contrast, and resolution for after the-laser pulse by radiation (impurities are added-to
microscopy of biological specimens. increase the-radiative cooling) and the maintenance of a high

At Princeton-University we-are using two approaches to electron density of ne --5X-10i cm- I by the magnetic field
make a shorter-wavelength, soft-x-ray laser. One approach make favorable conditions-for a population inversion-be-
is-to produce a-population inversion in Kr--or Ar-like ions tween twt, lew-l% ing excited levels such as4f and 3d levels in
-through selective excitation by multiphoton transitions' 2 or Li-like ions. At a relatively-low electron -temperature and
inner-shell ionizations. The- inner-shell ionization scheme high electron density, three-body recombination followed by
was propose, initially by Duguay and Rentzepis 1 modified cascading processes dominates collisional-ionization and ex-
later by McGuire," and recently demonstrated experimen- citation processes, populating the upper:level (4f) while the
tally at 1089 A." d In our approach the plasma of the desired- lower level=(3d) decays rapidly by its strong radiative transi-
ionization stage-will be produced by a CO2 or-Nd:glass laser tion. In this way a population inversion-between two excit-
and then, through multiphoton- transitions or -inner-shell ed levels is created.
ionizations, will-be-excited by-a-powerful picosecond laser. An important feature in-Li-like ions is-the fast radiative
The instrumentation for this approach has been developed, transition of-the 3d level to 2p due to the larg, overlap of-the
and-a series of experiments is planned for the-near future. radial wave functions of those levels, so-that the 3d level-is

The subject of this paper is an-approach based on a recom- rapidly depopulated during the recombination phase, per-
bination scheme using magnetically confined (-<100-kG) Li- mitting a populatiori inversion to build up. Another merit
like ions produced by an -500-J, 50-70-nsec-C0 2 laser. of Li-like ions is a lower ionization potential than H-like ions
This scheme has-been successfully used to make a soft-x-ray with a comparable lasing-wavelength. For example, Si-XII
laser in H-like-C-vi with the following characteristics: 182- has an ionization potential of 523 eV for a 4f-3d transition at
A wavelength, amplification by-a factor of 500, 1-3-mJ pulse 129 A, compared with H-like N vii, which has an ionization
energy, 10-30-nsec pulse duration, and 5-mrad beam diver- potential of 667 eV for a 3-2 transition at-134 A. However,
gence.6  for a given plasma electron density, such as may be limited to

An extensive series of experiments for developing a soft-x- approximately i x 1019 cm- ", which is the critical density for
ray laser using-Li-like ions has been performed by Jaegl6 et the CO2 laser, the ion density of Si XII is-lower than that-of
al. In these experiments a-Nd laser produces-a- freely ex- N vII. The-trade-off between these and- other factors-is a
-panding plasma, generating a population inversion between subject of theoretical and experimental-investigations.
5f and 3d levels in Li-like Al xI, and a gain-length product of In Section 2 we discuss the main features of the-one-
2--2.5 between those levels has-been reported. More recent- dimensional Lagrangian hydrodynamic code and the atomic
ly, Jaegl6 and his group, in experiments in collaboration with in Eq. (3) is the energy equilibration time between electrons
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physics code applied to the modeling of time de% elopment of .- 2.3
the gain in the recobining Li-like plasma. In Section 3 the
experimental setup and results are presented and compared . a.n
with theoretical calculatit..s. - -

Z.

2. THEORETICAL MODEL *.5

A. Hydrod'namic Model
In this section we discuss the basic features of the one. ,
dimensional hydrodynamic model.' " which was developed to 0
provide insight into the behavior of the magnetically con.
fined, laser-produced C plasma used in the 182-A soft-x-ray
laser. One of the-first hydrodynamic computer codes was C . . ... ,
developed at the Naval Research Labnra ory and was used 0 5 ' 3
to study the laser-produced plasmas.'9  A more detailed DiffLusicn Cceffic:ent( 104 cr.r2 sec)
description of this model will be published elsewhere. The Fig, 1. The maximum gain and its position-versus the diffusion
hydrodynamic code with atomic data on the -experimental coefficient with laser input energy andamountof impurity iFei kept
species (in our case Al or Si) and the atomic physics code constant. filled circles. the maximuin gain of the 4/-3d trantiuon m
tdiscussed belo%% j for Li-like ions permitted us to samulate Li-like Al x. crosses, the radial position where the maximum gain
experiments with Li-like ions. occurs. Lines are drawn beween points as a visual aid.

The basic equations to be solved for a cylinArica! plasma
are presented here. The continuity equation-is g yen by is the Boltzmann constant, T, and T, are the electron and ion

On + (in v = 6, 0 ( On, temperature, respectively, and B is -the magnetic field
at r Or r rr Or "r) (1 strength. -Q denotes the-artifical viscosity term to-handle

the shock~wave due to the strong expansion-'k
where n, is the -population of -the ground state of the ith tesokwv u otesrn xaso21
ionization stage, v is the mean fluid velocity, and 6, is given Mn-f0
by Or Or

= -n,nR, - n~nS, + n-n, ._,...1 + nn,_,S,_,0 if L > 0

where S is the-collisional ionization rate from the grou,'i where A-is a constant- and i- chosen in such a way that- no
state of the ith ionization stage' and R, represents the col.:- numerical instabilities take place because of the propagation
sional dielectronic recombination coefficient of Sum- of a shockwave.
mers.' 2,2  Summers has calculated this coefficient, taking Laser radiation is absorbed by electrons, and electrons
into account recombinations to-and ionizations fr: m excited- exchange their energy with ions at tne classical equipartition
and ground states. Recombination to and- ionization from rate. It-is-assumed that the shock wave-heat:, .z, only and
neutrals are neglected because-we are interested in a high that the electrons behave adiabatically. Then, the electron
ionization stage,-e.g., Alo"*. The second term-on the right- temperature is given by
hand side of Eq.(1) takes into account the ion-ion diffusion
process. The transport of He-like Al X11 from-the central- Ol OT 2 o = - 1 (T, OT+
laser-heated region to the off-axis cold region-where they Ot - O e - Or + 3 n. r Or \ Or /
recombine into-Li-like ions-is-crucial to the-generation of
high gain. Figure 1 shows the variation of the maximum 2 (1 T- T, + 2 L-an th raia + P",.., (3)
gain for the 4j-3d transition in Li-like Al X-and the radial + 3 n, ,(
position where the maximum gain occurs with different val-
ues of the diffusion coefficient. This was generated with the where K, is the electron thermal conductivity divided-by the
laser input energy kept constant. D = 5 X 10 1 cm/sec was Boltzmann constant k, terms on the right-hand side repre-
chosen throughout the calculations because it-produces the sent work- done on expansion, thermal-conduction losses.
highest gain at-the proper position observed experimental- and ohmic heating due to the induced current, energy trans-
ly.1 This value'is several orders of magnitude-higher than fer to ions, and laser energy input, respectively, and the last
the classical diffusion coefficient at T, = 100eV and n, = 1 term is energy losses by atomic processes:
X 10 i8 cm"'. To understand-this discrepancy- requires an- Patm = Prad + P waion - Precombination + Pimpurity
investigation- of diffusion processes in the- laser-produced+
dense plasma, which is beyond-the scope-of- the present Here Pad-denotes the total energy loss-by resonant radia-
paper. tions following collisional- excitations, Pionization is the-total

The equation-of motion is energy loss-by ionization-processes, Precombination is the-total

nO + v energy recovery by recombination processes, and P it is
-2 Or k(n,7,+n + Q -~ - BLB, (2) the total energy loss by an-impurity (Fe-in our calculation).(at +v'Or)- a rO knT T)+Q 47r Or

The ohmic heating term is defined by the plasma resistivity

where M is the ion mass, n is the-total ion density, n = Z. n, k q as .j = [c2n/(4r) 2 1] (OB/r)2, where c is the speed of light; r,



Kim et al. Vol. 6. No. IlJanuary 108)/J. Opt. Soc. Am. B Ht7

and ions. and-CL is the power-per unit volume absorbed- by 10
electrons from the laswr. Impurities are assumed to be dis. -.

tributed uniformly. Data for the electron cooling rate of Fe " -

in-a dense. transient plasma-are not available. As a first
approximation. we have used-the radiation cooling rates of _ x .,1- 3

Post et al.4 for a steady-state coronal plasma. At high
electron densities, the radiation cooling coefficient per elec-
tron per ion is reduced because of the decrease of energy loss
through An =-0 transitions as a result of the increase of
collisional deexcitation rates. -5 Figure 2 shows the reduc-
tion factor of the radiation cooling coefficient per electron
per ion, I + n.S,./Aj,, versus the electron temperature for 5

An = 0 transitions in Fe at-given electron densities. S1.11
and A, , are collisional deexcitation and radiative transition -

rates, weight averaged over -the possible allowed An =-0 ".
transitions. Expressions by Post et al.!' in an average-ion
model were used for S1, 11 and. ,A. At the condition when T,

5 eV and n, = 4 X 1018 cm- 1, the radiation cooling rate of _ X
Post et al. would be reduced by approximately 1 order of I
magnitude. More-complete calculation of the cooling rate
by Fe in the high electron densities above the coronal limit is
planned by using an average-ion model. -Results with the 0
present code. however, are-in reasonable agreement with 0 10 20 30 40 50
experimental data, as is discussed in Section 3. Te( eV

The ion temperature is governed by
Fig. 2. The variation of the reduction factor. 1 + n. Sgr,/At,, of the

OT, 21 ) a radiative cooling rate per ion per electron with respectito the elec-
+ V -.. T , + q - (rv) tron temperature at given electron densities. In low electron densi-

at Or 3 n r Or ties (filled circles) the factor approaches unity, but in high electron
densities (crosses) and 1w electron temperature. An f-0 collisional

2 1- 0 / aT1  Te - T, deexcitation rates dominate An = 0 radiative transition rates. re-
+ - - - - I r (4) sulting-in the reduction in the cooling-rate. This calculation was

n -r Or Or q r, done-for Fe by using=the average-ion- model used by-Post et al.-"
Lines are drawn as a visual aid.

The first term-on-the right-hand side includes the heating by
the shock wave. , is the ionthermal conductivity divided
by the Boltzmann constant k. Expressions-by Braginskii26  The initial electron temperature profile is set to-be Gauss-

ian with T...a = 20-ev and Te.m. = 3 eV. Then, profiles of
Finally, theequation for the magnetic field is given by total-ion density, magnetic field, steady-state ionization bal-

ance, and electron density are determined by using the local

OB B B 0 1 . rB) pressure balance. During the time development from the
+ + -V (r) + r r r] (5) plasma described above, the hydrodynamic code calculates,at Or r Or r Or \ Orat each-time step, various hydrodynamic parameters from-

which- electron temperature, electron density, and ground-
A Lagrangian scheme haszbeen adopted'to solve Eqs. (1- state-population of=Li- and He-like ions are input to a post-

(5). The difference equations are written in such a way that processor atomic physics code in order to calculate popula-
-Eqs. (1), (3), (4), and (5) are treated implicitly, and Eq. (2) is tions of excited levels and generate line intensities and gains
treated explicitly.23 The spatial grid structure has 30 grid of various transitions in Li-like Alxl.
points, and the final grid point was taken to be at 5 mm, with
-the grid size-increasing exponentially from-a minimum size B. Excited States In the Llthlumllke Ion
of 20 jm at the center. In this way we can preserve as much The level structure considered and-relevant transitions in
detail as possible near the central region, which we are inter- the atomic physics code are shown-in Fig. 3. Seventy-seven
ested in, and-use the computer CPU time more efficiently. levels up to the principal quantum number equal to 12 were

The plasma-outer radius-Ro (5 mm in calculation) is much included. A population inversion -between the 4f and 3d
larger than the central region (which is typically within a L5- levels'is expected for the plasma- conditions when the elec-
mm radius). The boundary -conditions are tron temperature and density are T, t 10 eV-and ne = 5 X

10Ba cm r3, In this region levels above n = .5 (n is the princi-
Te, - T,, B - Bo,  v - vo,  as r - R0,  pal quantum number) are in local thermal -equilibrium

(LTE)-with the ground state of He-like ions'27 and their
and at the origin- populations are calculated from the-Saha-Boltzmann equa-

tion. Populations-of excited levels-from n = 2-to n = 5 are
OT,., OB V calculated by using the following collisional-radiative model.0r , L -. , O L-0• as r - 0.- 0 r r We solve the following coupled-rate equation:
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d 1; . , where
(n01 S n.- nS!'I)dt " -, ';n" n.Sn11 + Am1

C,= -(n,. '' St"I + 7'(nS Ii + A,,) + n..S,1j m-= 1,+ n.'Zn,,S, i _S,) - " m <
;7- I I.F1

- n.nqSqI + n.in,'y%, + n6..)). (6)

where n~j denotes the population of an excited level I in the + C n,In, S, + .A, I.
ionization stage q, n,. is the population of the ground state -. I
of the ionization stage q + 1. S i, and St 1 are the collisional and 2 < 1, m < nmx, where n is the last level in the
excitation and deexcitation rate between levels I and m,respectively, a , and 43, are the radiative and three-body collisional-radiative model (see Fig. 3).

The atomic data on various atomic processes used in the
recombination rates, respectively. km., is the highest level solution of the coupled rate equation for populations of
considered (see Fig. 3). At, is the spontaneous emission rate excited levels come from a variety of sources. Energy levels
between levels I and m. and S+i is the collisional ionization and radiative transition rates were taken from the work of
rate from level I. an d ad ie s on rte s e xcita n from (n =

As discussed by Bates et al.. relaxation of the excited Lingrd and Nielson.i 9 For collisional excitation 2s-nf(n=
levels is much more rapid than that of-the ground level at the 4, 5, 6), the literature of Petrini was-used' 1 and for 2p-ns,
densities currently considered. Thus the left-hand-side of 2p-np, and 2p-ndI(n 2), rates of=Bely and Petriniwere
Eq. 6 can be set to-zero, and the calculation of populations used.11 The remaining electron collisional excitation- rates

of excited levels for-given populations of ground states of were estimated fromIthe interpolation formulas by Mewe -

adjacent ionization stages becomes an-inversion of a-matrix An-expression for collisional ionization rates from-excited
whose elements are-composed of various rates between the states by Post et al.21 was adopted, and 'he three-body
levels: lrecombination to excited levels and-the collisional deexcita-

tion-rates were-estimated by the principle of detailed bal-
,= -E. -i, (7) ance. Only ionization-from an excited level to the-ground

-12s - - 0 * 6 00 -12n -12o

LTE With
He-like Ions

-6s --
Xi nmax level

-5s -5p -5d- -5r -5g

-4s 4p _4d Vt

141.6 '150.3 1 Populations of these levels
4 1 50.61 39-09 154.66 are calculated in collisional

39-:18 15.6radiative model.

3 8d
- 3p 3d
48.30

54.3 4 52.30
52.45

2P
2s

Fig. 3. Grotrian diagram of Li-like-Al. Populations oLlevels between-n-= 6 and n = 12-are calculated through local thermod.namic
equilibrium with He-like ions.
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Fig. 4. Experimental setup.

state i. the next higher iunization stage was considered. ed below. Stark broadening due to the electron impact was
The radiative recombination rates of Burgess for H-like ions smaller than the Doppler broadening by a factor of 2.
%as used. Dielectronic recombination processes-were not Therefore for simplicity we have assumed that the Doppler
included in our calculation because these processes are ex- broadening is dominant and T, = T, for T. < 50 eV through-
pected to be negligible compared with three.body- recombi- out the gain calculation.
nation prucesses under the conditions thai we are interested After the calculation of gains-and line intensities as a
in. function of space and time, the axial and transverse spectra

The plasma is assumed to be optically thin. The 3d-2p for comparisons with experimental data were generated by
transition is the most absorbable because its gA value ig is integrating the intensity of each-line over the spatial region
the-statistical weight and A is the spontaneous emission viewed by the-axial and transverse spectrometers,- respec-
rate) is large, and the populations of 2p levels is much great- tively. and then overtime. The amplification by stimulated
er-than those of the excited levels. However, even- for the emission, (eCtL - I)IGL, in the axial spectrum was taken into
3d-2p transition of Li-like ions in the transverse spectra, the 8o- 4 - 14
plasma in our experiment is observed-to be optically-thin in (a)
the transverse direction (as discussed in Section 3). - Gain

With populations ofexcited states calculated as described 6o- - 3
above, gains at the-line center for 4/-3d, 4d-3p, and 4p-3s *
transitions and line -intensities of various transitions shown To N,

in-Fig. 3 are calculated. The gain per unit length-G for a 40
transition between-levels 1 and m is given by 2 T2

G( )= , --,gA g ] (cm-), (8) o ,--
8-c -

where \,, is the wavelength of the--m transition and AX is o
the linewidth. For the condition of maximum gain present- o

RAOIUS-(mm)

Transverse XUV 
4 -

-- 0.8 mm s b

A xial X U V 1.3 m m - - <a =

3 -.

At' 2.0m 0

Al CO, LaserI o~~uration q I
20 mm O0X0.0-5

. Stainless 0 50 100 150
Steel TIME-(nc)

,r Fig.-6. (a) Calculated radial profiles of electron density, electron
CO2 Laser temperature, and gain for the 4f-3d transition (154 A) at the time of

Fig..5. An Al disk target geometry with a 0.8 mm x 2 mm vertical maximum gain in Li.like Al xi. (b) The time history of the gain for
slot and an Al-stainless steel composite blade attached perpendicu. the 4/-3d transition in Li.like Al XI-at a radial position 1.2 mm off
lar to the ,get surface. axis.
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account. L is the plasma length. which was taken to be I cm, the electron density, and the gain at the time when the gain
as observed in an earlier experiment." reaches its maximum in Li-like Al x1 are shown in Fig. 6(a).

The input laser pulse used in the calculation has a Gaussian
shape with-the FWHM of 50 nsec and a falling time of 60

3. EXPERIMENTAL RESULTS AND THEIR nsec. (The real laser pulse has a FWHM of 50-60 nsec and a
COMPARISON WITH CALCULATION falling time of 70-80 nsec.) Fe was included as an impurity

The experimental setup is shown in Fig. 4. A CO2 laser to provide additional cooling. The center of the plasma is
t--500 J) is focused onto an Al or Si target and creates a -heated directly by the laser, and a shock wave is generated
highly ionized plasma column confined in a strong axial that transports ions away-from the central hot region. pro-
magnetic field. The m ...imum laser power density on the ducing favorable conditions for the gain at 1-1.5 mm off axis.
target is 2 X 10' W,cm2 . A composite blade made from a Figure 6(b) shows the theoretical time history of the gain for
sandwich of Al and stainless steel (or Si and Ti for Si targets) the 41-3d transitions at a radial position 1.2 mm off axis.
is attached perpendicularly to the target surface (see Fig. 5). The gain peaks at 87 nsec from the beginning of the laser
The plasma is viewed in both axial and-transverse directions pulse and has a duration-of approximately 20 nsec in this
b. multichannel soft-x-ray spectrometers," which produce particular run. The double-pulse structure is explained as
time-integrated spectra. The target design is based on the C follows. During the laser pulse, He-like ions created in the
target, which was used to generate lasing action at C v 182 central hot region diffuse into the region that is 1.2 mm away
A., Previous research with C targets showed improved axial from the center and still cold. Here they recombine into Li-
uniformity when blades were incorporated into the target. like ions and produce the first population inversion. As the
Measurement of the chordal brightness of Si Xli 129-A line laser continues to heat plasma, this off-axis region is heated,
in the transverse direction with the present target (shown in and gain disappears. High gain, however, occurs again at
Fig. 5) suggested good radial symmetry. Also the blade approximately 90 nsec from the beginning of the CO2 laser
pro% ides a way to introduce impurities (stainless steel or Ti pulse, as the temperature and density conditions are more
in our experiment) for additional cooling, appropriate.

Theoretical radial profiles of the electron temperature, Figure 7 shows experimental transverse spectra along with

I I i i I I4
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I- - X Ini2 800 -
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Fig. 7. (a), (c) Plama emissions recordedby the transverse spectrometer in thespectral rangesof 30-60 and 140-170-A, espectively (b), (d)
Calculated transverse emis~ion spectra in-the spectral ranges 30-60 and 140-170 A, respectively. The linewidths-in the theoretical spectra
do not have any physical meaning. B =70 kG were used in both experiment and computer simulation.
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Fig 8. Axial spectra in the spectral region of 140-170 A. (a) and (c), recorded bv the axial spectrometer for the gain and the nongain region,
respectv~el, tb) and idc, calculated time-integrated axial spectra over the gain region and-the nongain region, respectively. B = 70 kG were
used in both experiment and computer simulation.

theoretically calculated transverse spectra for comparison. eter allows us-to view different -200-.m-wide plasma-re.
In the spectral region of 140-170 A, line ratios between 141.6, gions. By changing the transverse position of the axial spec-
150.3, and 154.7 A in the experimental spectra (Fig. 7(c)] are trometer, the geometry of the present experimental setup
in good agreement with those predicted theoretically- [Fig. (the small acceptance angle, 1.6 mrad, by-the grazing-inci-
7(d)]. Note-that in Fig. 7(c) the line intensity ratio of the dence mirror) allows us to adjust the spectrometer to view
third order of the 52.3- and 52.45-A lines, which make-up the the region with-high gain (we refer to this region as the gain
3d-2p transition doublet, is 2:1. When we consider that the region) or the region with little or no gain (we refer to.this
ratio of gA values of this doublet is 2:1 and that this transi- region as the nongain region). On the spectrum recorded
tion is the most absorbable, this observation indicates that from the gain-region, we expect to see the amplification of
-the plasma is optically thin- in the transverse direction for the potential lasing line by stimulated emission. This effect
the transitions shown in-Fig. 3. This-is important-as it was clearly shown in the work on H-like C V1, where exten-
permits the AI- xi 52.4-A line to depopulate the 3d level sive observations of absolute intensity and measurements of
efficiently and-to generate-a population-inversion. Also, in absolute divergence were the primary evidence for lasing.6

-the wavelength region of 30-60 A (Figs.-7(a) and 7(b)],-rea- Figures 8(a)- and 8(c) show the spectra-recorded by the
sonable agreement between- experimental and theoretical axial spectrometer at the two different transverse positions
spectra is observed except=for the 39.2-A line, 4f-2p transi- of the spectrometer. At one position the intensity of the Al xi
tion. This discrepancy may be due to a change of sensitivity 154 A is significantly increased, whereas intensities of other
of the detector in the short-wavelength region. transitions remain almost constant. The ratio of the-line

The axial emission is imaged by a grazing-incidence -mir- intensity of the-Al X1 154-A (4f-3d) to thatof the Al XI 141-A
ror onto the entrance slit of a multichannel soft-x-ray spec- (4p-3s) line is three times higher in the gain-region-spec-
trometer, as shown in Fig. 4; The mirror is constructed by -trum (Fig. 8(a)]-than in the:nongain-region -spectrum [Fig.
-bending a glass strip; thus the optical quality of the system is 8(c)]. Gain-region and nongain-region- spectra including
not ideal. However, a transverse scan of the axial spectrom- the effect of stimulated emission were generated theoretical-
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ly by changing the spatial region over which the intensity of spectrometer detector sensiti it with wavelength. %hich
each line was integrated. The computer code models a 1- has. of course, no effecton present results for relati'.e %alues
cm-long, cylindrically symmetric plasma and predicts an of line intensities for the gain and the nongain region.
annulus gain region that is approximately 100 Am wide (see Comparison of the axial spectrum in the spectral regin of
Fig. 6j In the experiment the axial spectrometer %iews a 30-60 A between experiment and calculation is sho n in Fig.
rectangular-plasma region - 200um wide. For the calculat- 9. The -experimental spectra. Figs. 9(a) and 9bi. corre-
ed gain region spectrum, a 200 Am X 2 mm region of the spond to the nongain-region and-the gain-region spectra.
cumputer-generated plasma was chosen to include the high- respectively. Theoretical spectra were produced b% inte-
gain region. and the intensity of each line was -integrated grating each line over the nongain region [Fig. 9(c[] and the
spatially oer that region and then oer time. For the non- gain region [Fig. 9(d)). as in Fig. 8. Estimation from Eq. i8i
gain-region spectrum, the integration region did not include shows that at conditions of T,. - 5.0 eV and n, =- 3 x 10"
the gain region. As observed in the experimental spectra, cm-' the optical depth of the 52.3-A resonance line is ap-
the ratio of the 154- to 141-A line intensity is approximately proximately 300,um, which is quite small compared %%lth the
three times larger in the calculated gain-region spectrum axial length of the plasma, 1 cm. Because of the strong self-
[Fig. 8bJ] than in the calculated nongain-region spectrum absorption of the 52.3-A resonance line in the axial direction.
[Fig. 8(d) for the model plasma, which has a gain-length comparisons involving the 52.3-A line are of limited %alue
product GL = 3.7. The difference of a factor of 1.7 in the because the present code does not account for opacity.
ratio of the line intensit, of 134 to 141 A between experimen- There is, however, one interesting observation that the ratio
tal and theoretical spectra could be due to the variation of of intensities of the 48.3-A line (3p-2s transition) to 54.4-A
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Fig 9 Axial spectra in-the spectral region of 30-60 .A. (a) and (bi, recorded bythe axial spectrometer for the nongain and gain regions.
respectively. (c) and td), calculated time-integrated axial spectra over the nongain region-and the gain region, respectively. -B-ff 70 kG we'e
used in both experiment and computer simulation.
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line t3s-2p transition) changes from 6.5 in the nongain re- tion processes, whereas the gain region never reaches a high
gion [Fig. 9(c)] to 2.5 in the-gain region [Fig. 9(d)]. This electron temperature and- dominant contributions to the
trend can also be seen in experimental spectra [Figs. 9(a) and gain-region spectra come during the recombination-phase.
9tb]. The ratio of the 48.3-k line to the 54.4-A line in Fig. A convenient way of showing the amplification of the 4f-
9ta) is 6.0. and that in Fig. 9(b)- is 4.2. This indicates that- 3d transition is to-measure the line intensity of this transi-
the-population of the 3p level-relative to that of the 3s level tion relative to that of the 4p-3s transition. This-compari-
in the gain region is lower-than it is in the nongain region. son, being based-on lines in the same ion from upper-levels
We believe that the reason is-that the temperature of the with the same principal quantum number, is independent of
gain region is -5 eV, as seen-in Fig. 6(a), and at such tem- uncertainties in the-exact spatial distribution-of different
peratures the deexcitation- process between 3p and 3s be- kinds of ions viewed-by the spectrometer. The experimen-
comes-dominant over the excitation process, resulting in-a tally observed change in the ratio of the 154- to141-A line
decrease in the 3p level population. Another observation is intensities with respect to the transverse position of the axial
that, in general, line intensities in Figs. 9(b) and 9(d) (the spectrometer is shown in Fig. 10(a) along with computation-
gain, region) are about one third of those in Figs. 9(a) and 9(c) al results. The use- of the-Al Xi 150.3-A line-as a reference
(the nongain region). The main reason for this is-that our was avoided for two reasons. The intensity-of the Al Xl
experimental and calculated spectra are time integrated and 150.3-A line is unfortunately blended by the OvI-150.i-A
include emission from both the ionization and recombina- line. The relative intensities of 0 Vi lines change with plas-
tion phases; emissions during-the- ionization phase in the ma conditions, as-shown in Figs. 8(a) and 8(c),-and it is
nongain region make significant- contributions to the non- difficult to deconvolute the intensity of the Al-XI 150.3-A
gain-region time-integrated spectra because in this region- line. Another reason is the possibility that population in-
the electron temperature becomes high (-150 eV) enough to version between 4d-and-3p levels and, therefore amplifica-
have-n 3 levels much populated through collisional excita- tion of the Al xi 150.3-A line may occur. The computations
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